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Initial  parameter  studies  have  indicated  that  powder  metal  bars  of  stainless 
steel,  type  316,  were  reinforced  by  14  volume  percent  10  mil  diameter  con¬ 
tinuous  tungsten  wires.  The  room  temperature  tensile  strength  of  the 
stainless  steel  was  increased  from  40,  000  psi  to  48,  000  psi  by  adding  tungsten 
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Parameter  studies  are  in  progress  to  determine  the  effect  of  fiber  diameter, 
fiber  length,  fiber  spacing,  fiber  direction  and  fiber- to- matrix  bond  strength. 

The  fibers  and  powdered  metal  have  been  consolidated  by  hot  pressing, 
hydrostatic  pressing  or  cold  pressing  followed  by  sintering. 
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This  interim  technical  report  covers  the  period  performed  under  contract 
AF  33(657)-7139  from  17  January  1962  to  April  17,  1962.  It  is  published  for 
technical  information  only  and  does  not  necessarily  represent  the  recommend¬ 
ations,  conclusions  or  approval  of  the  Air  Force. 

This  contract  with  Clevite  Corporation,  Mechanical  Research  Division, 

Cleveland,  Ohio  was  initiated  with  ASD  Manufacturing  Methods,  Project 
7-924.  It  is  administered  under  the  direction  of  Mr.  Lova  Polley,  (ASRCTB) 

Aeronautical  Systems  Division,  Air  Force  Systems  Command,  Wright- 
Patterson  Air  Force  Base,  Ohio. 

Mr.  Raymond  Baskey  of  Clevite's  Mechanical  Research  Division  is  the  project 
engineer.  Others  who  cooperated  in  the  research  and  in  the  preparation  of  the 
report  were:  Mr.  Arthur  D.  Schwope,  Director;  and  Mr.  Gail  F.  Davies, 

Supervisor. 

The  primary  objective  of  the  Air  Force  Manufacturing  Methods  Program  is  to 
increase  producibUity,  and  improve  the  quality  and  efficiency  of  fabrication 
of  aircraft,  missiles,  and  components  thereof.  This  report  is  being  disseminated 
in  order  that  methods  and/or  equipment  developed  may  be  used  throughout 
industry,  thereby  reducing  costs  and  giving  "MORE  AIR  FORCE  PER  DOLLAR". 

Your  comments  are  solicited  on  the  potential  utilization  of  the  information 
contained  herein  as  applied  to  your  present  or  future  production  programs. 

Suggestions  concerning  additional  Manufacturing  Methods  development  required 
on  this  or  other  subjects  will  be  appreciated. 
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FIBER  REINFORCEMENT  OF  METALLIC  AND 
NON  METALLIC  COMPOSITES 

Phase  II 

Interim  Report  No.  2 
Contract  AF  33(657)-7139 


INTRODUCTION 

The  objective  of  this  program  is  to  establish  parameters  for  the  selection 
and  application  of  fibers  to  the  reinforcement  of  metal  matrices  and  demonstrate 
that  this  can  be  achieved  through  the  fabrication  of  sheet  and  forged  products. 

One  of  the  earliest  applications  of  reinforcing  metals  was  that  of  Whitehurst 
Here,  aluminum  was  reinforced  at  elevated  temperatures  by  fiberglas.  Other 
investigators  have  reported  on  the  use  of  ceramic  or  metal  filaments  to  rein¬ 
force  other  materials. 

(2  3) 

Tinklepaugh'  •  and  associates  have  reported  on  a  program  to  reinforce 
mullite -alumina  ceramic  and  alumina  with  molybdenum  wires.  Baskin  (4) 
reported  on  thoria  reinforced  by  molybdenum  or  niobium  fibers.  Here  the 
thermal  shock  properties  were  improved. 

(5) 

Parikh  and  Fisher  have  reported  on  the  felting  process  developed  by 
Armour  and  programs  to  study  the  fundamentals  needed  to  reinforce  materials. 

(6) 

Jech  and  Weber  '  found  that  molybdenum  fibers  improved  the  elevated 
temperatures  tensile  properties  of  titanium.  However,  the  stress -rupture 
properties  were  unsatisfactory  because  the  molybdenum  fibers  oxidized  during 
the  test  period  with  a  resultant  loss  of  strength  as  compared  to  the  tensile 
properties  at  a  specific  temperature. 

(7) 

McDanels,  Jech.  and  Weeton  have  reported  on  a  study  to  reinforce  copper 
with  tungsten  wires.  They  have  achieved  excellent  reinforcement  at  room 
temperature.  Their  main  purpose  is  to  study  the  fundamentals  involved  in 
reinforcing  materials. 
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References  are  at  end  of  text. 


Several  investigators  have  developed  theories  for  the  reinforcement  of 

metal  matrices  with  wires  or  whiskers.  Many  of  these  theories  are  based  on 

the  work  of  Outwater^®\  However,  there  are  insufficient  data  available  on 

metal  fiber-metal  matrices  systems  to  confirm  the  validity  of  the  theories  or 

equations,  Machlin^^  has  stated  that  the  method  of  consolidating  fibers  and 

matrices  must  be  improved  to  provide  a  satisfactory  structural  composite 

material.  The  best  results  and  data  on  reinforcing  materials  is  that  obtained 

(12) 

in  the  fiberglas- plastic  systems.  One  example  is  the  work  of  Bell  where 
the  effects  of  fiber  orientation  and  length  are  related  to  specific  physical 
properties. 

Reinforcing  ceramic  or  metallic  materials  with  high-strength^ high-temperature 
wires,  filaments,  or  whiskers  appears  to  be  one  of  the  best  methods  for 
improving  the  strength-to-density  ratio  of  materials. 

The  basic  assumption  for  most  composites  containing  fibers  (or  whiskers)  is 
that  they,  rather  than  the  metallic  phase,  or  matrix,  carry  the  major  portion  of 
the  tensile  load.  One  of  the  common  examples  of  strengthening  is  the  use  of 
steel  mesh,  wire,  or  rods  in  reinforced  concrete.  Here  the  steel  provides 
tensile  strength  which  the  concrete  itselt  does  not  possess;  the  concrete 
functions  only  in  compression. 

This  program  is  divided  into  three  phases.  They  are: 

Phase  I  -  State-of-the-art  survey  on  fiber  metallurgy  and 
compilation  of  bibliography 
Phase  II  -  Parameter  study  and  process  development 
Phase  III  -  Pilot  Production 

(13) 

Phase  I  was  completed  and  reported  as  ASD  Interim  Report  7-924(1).  The  report 
was  divided  into  two  parts.  Part  one  of  this  survey  reviewed  the  current  state- 
of-the-art  on  strengthening  theories,  methods  of  producing  fibers  or  whiskers, 
methods  of  reinforcing  composites  with  fibers  or  whiskers,  and  whisker  for¬ 
mation.  Part  two  was  a  bibliography  of  fiber  metallurgy  and  consisted  of 
abstracts  of  each  of  the  293  articles  or  patents  covered  by  the  survey. 
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Phase  II  is  now  in  progress.  It  consists  of  (1)  selection  of  the  best  compatibility 
between  the  two  components  (i.  e. ,  fiber  and  matrix),  (2)  evaluation  of  the 
parameters  needed  to  obtain  the  optimum  reinforcing,  i.  e. ,  fiber  diameter, 
fiber  length,  fiber  orientation,  inter-fiber  spacing,  fiber  volume,  etc.,  and 
(3)  experiments  to  determine  the  best  methods  of  consolidating  the  fibers  and 
matrix.  Physical  property  data  will  be  obtained  concurrent  with  the  processing 
experiments. 


DISCUSSION 

PROCEDURE 

Three  methods  have  been  used  to  consolidate  wires  with  metal  powders.  These 
are  hot  pressing,  hydrostatic  pressing,  and  cold  pressing  followed  by  sintering. 
Each  of  these  methods  is  described  briefly  below: 

1 .  Hot  Pressing 

Five-mil  diameter  tungsten  wire  was  cut  to  1/8  inch  lengths  and  blended 
with  -140  mesh  Rene'  41  powder  or  -140  mesh  Nichrome  V  powder.  This 
mixture  was  then  hot  pressed  in  a  graphite  die  at  temperatures  of  1950  F, 
2050  F,  and  2150  F  at  a  pressure  of  4000  psi  in  a  vacuum  or  hydrogen- 
argon  atmosphere.  The  finished  compact  size  was  a  2  inch  diameter  by 
3/8  inch  thickness.  Hot  pressing  under  these  conditions  produced  speci¬ 
mens  with  densities  of  95  percent  theoretical  density.  A  metallographic 
examination  of  the  microstructure  indicated  the  fiber  spacing  and  the  inter¬ 
face  between  fiber  and  matrix. 

2.  Hydrostatic  Pressing 

The  hydrostatic  pressing  method  was  investigated  for  consolidating  wire 
and  metal  powder  because  a  wide  variety  of  shapes  can  be  formed  by  this 
method.  The  green  compacts  must  be  sintered  in  the  same  manner  as 
cold  pressed  powder. 

Compacts  were  produced  by  using  either  discontinuous  or  continuous  wires 
with  either  Nichrome  V  or  Rene'  41  powder.  They  were  pressed  at 
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60,  000  psi  and  sintered  to  a  91  percent  theoretical  density.  A  metallo- 
graphic  examination  indicated  that  this  method  of  consolidating  wire 
and  powder  was  satisfactory  for  the  materials  used. 

3.  Cold  Pressing 

The  cold  pressing  method  is  being  used  at  the  present  time  to  press 
tensile  bars  for  parameter  studies.  The  preliminary  results  indicate 
that  the  cold  pressing  technique  will  produce  compacts  comparable  to 
the  hot  pressed  or  hydrostatic  methods. 

Test  specimens  were  cold  pressed  in  a  steel  die  to  the  shape  of  a 
standard  powder  metal  tensile  bar.  This  bar  is  3-1/2  inches  long  by 
0.  230  inch  wide  at  the  reduced  section  by  a  thickness  of  0.  250  inch.  The 
powder  materials  were  cold  pressed  to  furnish  a  green  specimen  with  a 
theoretical  density  of  approximately  85  percent.  Next,  the  green  bars 
were  sintered  to  attain  a  theoretical  density  of  approximately  90  percent. 

Three  types  of  tensile  bars  were  prepared  for  comparison.  These  are: 

1.  100  percent  metal  powder. 

2.  Metal  powder  plus  random  distribution  of  fibers. 

3.  Metal  powder  plus  continuous  and  discontinuous  fibers 
oriented  parallel  to  the  applied  stress. 

RESULTS 

Ceramic  or  metallic  whiskers  offer  the  maximum  strength  potential  but  they 
are  not  available  commercially. 

Ceramic  fibers  are  promising  for  high  temperature  applications  (i.  e.  silica 
fibers).  They  are  resistant  to  oxidation  and  have  a  low  density.  However, 
these  fibers  are  susceptible  to  abrasion.  In  addition,  they  exhibit  poor 
bonding  with  the  metal  matrix.  Data  are  incomplete  on  the  strength  of  these 
fibers  at  elevated  temperatures. 
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Metal  fibers  offer  advantages  in  reinforcing  materials  for  high  temperature 
applications.  However,  metal  fibers  are  susceptible  to  oxidation  and  loss  of 
strength  due  to  recrystallization. 

Tungsten  and  molybdenum  metal  fibers  were  selected  for  the  initial  exper¬ 
imental  work.  They  possess  high  strength  at  elevated  temperatures. 

Several  of  the  more  promising  ceramic  fibers  will  be  investigated  later. 

Table  1  indicates  the  short  time  tensile  strength  of  0.  003  inch  diameter 
tungsten  wire  at  elevated  temperatures.  Several  of  the  tungsten  alloy  wires 

(i.  e.  tungsten -thoria  or  tungsten-rhenium)  have  higher  recrystallization 

(14) 

temperatures  than  pure  tungsten  wire.  Figure  1  represents  the  stress 
rapture  life  of  commercially  available  superalloys.  In  general,  these 
materials  are  not  strong  enough  for  use  as  the  reinforcing  agent. 

Nichrome  V  (80  Ni  -  20  Cr)  was  selected  as  the  matrix  material  for  the  initial 
experiments.  Other  matrix  materials  being  used  for  the  initial  investigation 
include  Rene'  41,  stainless  steel,  iron  alloys,  cobalt,  and  copper.  Nichrome  V 
has  several  advantages  as  a  matrix  material.  These  are: 

a.  It  is  a  simple  binary  alloy  system,  being  one  which  does  not 
exhibit  any  precipitation  hardening  or  strengthening  mechanisms. 

Thus,  any  strength  improvement  offered  by  the  incorporation  of 
metal  fibers  may  be  said  to  be  the  result  of  the  fiber  addition  alone. 

b.  This  material  has  some  excellent  high -temperature  properties. 
Although  lacking  in  hot  strength,  it  has  adequate  oxidation 
resistance  up  to  2200  F,  and  may  be  easily  hot  worked  by  con¬ 
ventional  means. 

(o.  b  c ) 

Figure  2  ‘  illustrate  some  of  the  fiber  patterns  used  on  the  parameter 

investigation.  Figure  2a  represents  continuous  fibers  while  figure  2b  and 
2c  are  discontinuous  fibers  placed  in  two  different  types  of  patterns. 

The  discontinuous  fibers  were  10  mil  diameter  tungsten  or  molybdenum  which 
had  been  cut  to  1/8  inch  lengths.  They  were  laid  out  in  straight  rows  so  that 
the  ends  were  about  0.  035  inch  apart.  The  lateral  and  vertical  spacing  from 
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TABLE  I 


Tensile  Data  at  Elevated  Temperature  -  Unalloyed  Tungsten  Wire 


Testing 

C 

Temperature 

F 

Tensile  Strength 
psi 

20 

68 

430,  000 

200 

392 

350,  000 

400 

752 

320, 000 

600 

1112 

240,  000 

800 

1472 

200,000 

1000 

1832 

100,  000 

1500 

2732 

50,  000 

2000 

3632 

20,  000 

2500 

4532 

10,  000 

2800 

5072 

5,  000 

Source:  Tajme,  R. ,  Japan,  J.  Phys.  4  (23AX1926) 
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FI 6. 1  .  OPERATING  TEMPERATURE  FOR  IOO- HOUR  RUPTURE 
TIME  AND  15,000  PSI  STRESS  LEVEL  FOR  VARIOUS 
SUPERALLOYS.  (  REF.  15) 


A. 


j-.020" 

T 


BETWEEN  CENTERS 
OF  WIRE 


B. 


020"  BETWEEN  CENTERS 
OF  WIRE 


T 


c. 


r— 020"  BETWEEN  CENTERS 
-L  OF  WIRE 


hPn-ALTERNATE  ROWS  STAGGER  ED. 098" 


FIG.  2!  FIBER  PATTERNS  USED  ON  INITIAL 
PARAMETER  STUDY.  CONTINUOUS  AND 
DISCONTINUOUS  PATTERNS. 
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fiber  diameter  to  fiber  diameter  was  approximately  0.  020  inch.  Metal  powder 
was  added  to  separate  each  layer  of  fibers.  The  main  emphasis  while  surveying 
a  number  of  combinations  is  to  produce  tensile  bars  in  which  the  continuous 
fibers  arc  aligned  in  the  direction  of  applied  stress.  This  type  of  tensile  bar 
will  exhibit  the  maximum  reinforcement  when  good  bonding  is  achieved  between 
the  matrix  and  fibers.  The  tensile  bars  with  continuous  fibers  are  being  com¬ 
pared  to  specimens  which  contain  no  fibers;  specimens  which  contain  discon¬ 
tinuous  fibers  oriented  in  a  random  pattern;  and  specimens  with  discontinuous 
fibers  aligned  parallel  to  the  applied  stress. 

Several  combinations  of  materials  were  cold  pressed  and  sintered.  They  were: 

(1)  Tungsten  fibers  and  nichrome  powder. 

(2)  Tungsten  fibers  and  stainless  steel  powder  (316  type). 

(3)  Tungsten  fibers  and  copper  powder. 

(4)  Molybdenum  fibers  and  nichrome  powder. 

(5)  Molybdenum  fibers  and  stainless  steel  powder. 

Table  D  lists  the  physical  property  data  obtained  on  tensile  specimens  prepared 
from  the  above  materials.  Figure  3  summarizes  the  average  data  obtained  for 
specimens  of  100  percent  powder  metal  compared  to  the  specimens  with  contin¬ 
uous  or  discontinuous  fibers. 

The  maximum  degree  of  strengthening  was  obtained  by  using  12.  6  v/o  continuous 
tungsten  fibers  in  a  copper  matrix.  An  example  of  the  cross  section  of  this 
specimen  after  tensile  testing  is  shown  in  Figure  4.  Good  results  were  obtained 
from  this  system  because  the  tungsten  wets  the  copper  and  these  materials  are 
mutually  insoluble.  This  copper-tungsten  system  is  not  acceptable  for  high 
temperature  applications.  The  reason  for  pressing  the  three  copper-tungsten 
fiber  tensile  bar  specimens  was  to  demonstrate  the  feasibility  of  obtaining  rein¬ 
forcement  by  a  cold  pressing  operation  where  a  good  bond  exists  between  the 
copper  matrix  and  tungsten  fiber. 

(15) 

A  theory  of  composite  strengthening  states  that  the  composite  property  (S)  is 
equivalent  to  the  sum  of  the  matrix  property  (M)  and  the  fiber  property  (F),  or: 
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TABLE  3T 


Room  Temperature  Physical  Properties  of  Compcelte*.  Pure 
Metals  and  Metals  Containing  Discontinuous  or  Continuous  Fibers 


Spec. 

No1__ 

Type 

Flber__ 

Fiber 

Dia. 

Matrix 

Malarial 

Cold 

Vol.  %  Fiber  Pressed  Sintering 
Fibers  Orient.  •'  P*i  Conditions 

Ultimate 

Tensile 

Strength 

Yield 

Strength 

pel  Elong  % 

Elastic 
Modulus 
_ x!0° 

49 

80 

None 

None 

- 

NiCr-140 

NlCr-140 

- 

60,  000 

89,  000 

1  hr.  2280F 
93*A,  7%HS 

1  hr.  2350F 
83%A.  7*Hj 

_ 

38,  900 

38,  400 

7,  5 

8  5 

84 

None 

- 

NiCr-140 

• 

60.  000 

1  hr.  2300F 
Vac  93**  A 

30.  500 

19.900 

- 

13.  8 

47 

NF-W 

.  010 

NiCr-140 

10.  0 

60.  000 

1  hr.  22S0F 
7%Hg 

27.  500 

- 

2.0 

- 

S3 

NF-W 

.  010 

NiCr-140 

9.  7 

60.  000 

1  hr.  2300F 
Vac 

23.  700 

- 

- 

- 

87 

None, 

NiCr-140 

• 

120,  000 

1  hr.  2100F 

nh3 

40.  000 

32.  100 

5.0 

19. 

88 

None 

NiCr-140 

- 

120,  000 

1  hr.  21  OOF 

nh3 

40,  000 

31.  800 

5  0 

21  5 

99 

None 

NiCr-140 

120.  000 

1  hr  2300F 
Vac 

80.  100 

28.  500 

20  0 

22.3 

S3 

None 

NICr-140 

120.  000 

1  hr.  2300F 
Vac 

86.  500 

30.  000 

8.0 

22.3 

64 

None 

NiCr-140 

120,  000 

1  hr.  2300F  H,  54.  400 

1  hr.  2300F  \4c 

29.400 

- 

21. 0 

68 

None 

NiCr-140 

120,  000 

1  hr.  2300F  H, 
1  hr.  2300  F  V 

50.  400 

SC 

29.  000 

• 

24  9 

66 

None 

NiCr-140 

120.  000 

2  hr.  2300F 
Vac 

60.  400 

2:7,  000 

22.0 

23.8 

67 

None 

NiCr-140 

1 20,  000 

20  hr.  2300K 
Vac 

73.  600 

28.  700 

35.  0 

23.1 

68 

None 

NICr-140 

120,  QUO 

20  hr  2300F 
Vac 

74,  400 

28.  000 

39.0 

26.8 

69 

None 

NiCr-140 

• 

120.  000 

20  hr.  2S00F 

Vac 

70  BOO 

28,800 

34  0 

24  0 

80 

218-W 

010 

NiCr-140 

e  e 

Random 

120,  000 

20  hr.  23 OOF 

Vac 

h 

' 

- 

- 

61 

218-W 

.  010 

NiCr-140 

8.  7 

Random 

120.  000 

l  hr.  2300F 

Vac 

30.  300 

- 

- 

- 

63 

218-W 

.  005 

NlCr-140 

8.  6 

Random 

120,  000 

2  hr.  2300F 

Vac 

43.  000 

- 

7.5 

- 

61 

318-W 

.  010 

NiCr-140 

8.  6 

Random 

120,  000 

1  hr.  2300F  »l  36.  700 

1  hr.  2300F  Vac 

25.  100 

5.  0 

20.5 

S3 

210-W 

.  010 

NiCr-140 

a.  s 

Random 

120,  000 

1  hr.  2300F 

Vac 

32.  500 

24.500 

5.  0 

19.  5 

85 

NF-W 

.  010 

NiCr-140 

11.4 

See  Fig. 
2b,  2  c 

120.  000 

2  hr.  2300F 

Vac 

51,  600 

31,  000 

12.5 

22.  8 

86 

NF-W 

.  010 

NlCr-140 

IS.  8 

Full 

length 

120,  000 

2  hr.  2300F 

Vac 

46.  600 

42,  OOO 

10.0 

23.2 

103 

Mo 

.  010 

NiCr-140 

17.  0 

Full 

length 

120,  000 

2  hr.  2300F 

Vac 

51,  100 

36.  200 

7.0 

22.  7 

10i 

Mo 

.  010 

NiCr-140 

16.  2 

Full 

length 

120,  000 

1  hr.  2300F 

Vac 

57,  400 

29,  000 

10.  O 

13.2 

88 

None 

- 

Cu  150 

- 

- 

60,  000 

1  hr.  1850  F 

26,  200 

4,400 

35 

14.  2 

89 

None 

- 

Cu  150 

- 

60,  000 

n2 

1  hr.  1850F 

H, 

26,  500 

4,  820 

325 

10.  0 

90 

NF-W 

.  101 

Cu  150 

12.  6 

Full 

length 

60.  000 

2 

1  hr.  1850F 

H2 

55,  700 

44.  50C 

8.  1 

93 

None 

- 

316-SS 

100 

- 

- 

1  00,  000 

1  hr.  2200F 

Vac 

40.  000 

23.  000 

15.  0 

13.  7 

95 

NF-W 

.  010 

316-SS 

100 

14.  4 

Full 

length 

100,  000 

1  hr.  2200 F 

Vac 

48,  000 

- 

- 

- 

105 

NF-W 

.  010 

316-SS 

100 

17  2 

Full 

length 

100,  000 

1  hr.  2200F 

Vac 

28.  800 

36.  500 

- 

10.  8 
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FIG.3!  COMPARISON  OF  PURE  METAL  AND  COMPOSITES 
CONTAINING  CONTINUOUS  OR  DISCONTINUOUS  FIBER 

ORIENTATION. 
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FRACTURED  CROSS  SECTION  OF  COLD  PRESSED  AND  SINTERED 
COPPER  TENSILE  BAR  REINFORCED  THROUGHOUT  ITS  FULL 
LENGTH  WITH  .  010"  DIAMETER  NF  TUNGSTEN  WIRE. 
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S  •-  Fx  +  M  (l-x> 
where  x  =  fiber  volume 

This  theory  is  based  on  three  assumptions: 

1.  Hookes  Law  is  valid;  i.  e.  the  composite  is  homogeneous  and 
isotropic . 

2.  The  fibers  are  uniformly  bonded  to  the  matrix  such  that  the 
fibers  and  matrix  strain  together. 

3.  The  fibers  are  unidirectional  and  have  a  uniform  cross  section. 

An  example  of  the  above  equation  with  the  tungsten  fiber-copper  matrix  is  as 
follows: 

volume  percent  of  tungsten  fibers  (x)  =  .  126 
strength  of  copper  matrix  specimen  no.  90  M  3  26,  350  psi 
strength  of  10  mil  diameter  tungsten  fibers  F  3  273,  000  psi 
(annealed  at  1875  F  •  1  hour) 

S  3  (273,  000)  (.  126)  +  26,  350  (.  874) 

3  (57,  500  psi  ultimate  tensile  strength  at  room  temperature 

The  measured  ultimate  tensile  strength  of  specimen  90  was  55,  700  psi. 

This  sample  calculation  is  an  example  of  the  strengthening  obtained  by  fibers 
in  an  ideal  combination  of  materials.  It  appears  that  each  constituent  in  the 
continuous  fiber  specimen  carried  a  tensile  load  proportional  to  the  strength 
and  volume  percentage  of  the  constituent. 

The  other  specimens  tested  to  date  do  not  conform  to  this  equation.  For  instance, 
neither  the  tungsten  or  molybdenum  continuous  fibers  provided  any  strengthening 
to  the  Nichrome  matrix.  However,  the  316  type  stainless  steel  matrix  was 
strengthened  by  tungsten  fibers.  The  pure  matrix  had  a  strength  of  40,  000  psi. 
When  14.4  v/o  10  mil  diameter  tungsten  fibers  were  added  to  the  stainless 
steel  matrix,  its  tensile  strength  increased  to  48,  000  psi.  One  possible  reason 
why  these  materials  did  not  obey  the  above  equation  was  the  formation  of  a  brittle 
intermetallic  between  the  matrix  and  the  fiber. 
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One  method  is  being  investigated  to  determine  if  the  strength  of  the  nichrome 
or  stainless  steel  can  be  improved.  It  consists  of  coating  the  fibers  before  they 
are  mixed  with  the  powder.  Results  are  not  yet  available. 

The  tensile  bars  with  a  random  fiber  distribution  were  weaker  than  the  bars 
composed  of  pure  metal.  The  angle  between  the  fiber  and  the  applied  9tress  is 
critical  because  it  governs  the  amount  of  strengthening  that  can  be  obtained. 
Fiber  patterns  will  be  prepared  in  the  tensile  bar  specimens  to  study  the  effect 
of  the  angle  between  the  stress  direction  and  fiber  orientation  on  the  composite 
strength. 

Only  a  limited  amount  of  data  are  available  from  the  tensile  bars  which  contain 
discontinuous  fibers  aligned  parallel  to  the  stress,  (c.f.  Figure  2b,  2c) 

Additional  types  of  fibers  and  matrices  are  also  in  process  but  the  results  are 
incomplete.  Tests  are  also  underway  to  determine  the  physical  properties  of 
the  tungsten  or  molybdenum  wires  after  annealing  at  the  same  temperatures 
and  times  involved  in  the  sintering  process. 

CONCLUSIONS 

1.  Continuous  tungsten  fibers  (12.  6  v/o)  reinforced  a  copper  matrix  so  that 
its  tensile  strength  at  room  temperature  was  more  than  twice  that  of  a 
pure  copper  specimen.  Both  specimens  were  cold  pressed  and  sintered 
in  the  same  manner, 

2.  Continuous  tungsten  fibers  (14.  4  v/o)  strengthened  a  type  316  stainless 
steel  matrix  at  room  temperature.  The  pure  stainless  steel  had  a  tensile 
strength  of  40,  000  while  the  fiber  reinforced  stainless  steel  was  48,  000  psi. 

3.  The  tungsten  and  molybdenum  continuous  fibers  did  not  strengthen  a 
Nichrome  matrix. 

4.  Random  distribution  of  fibers  in  a  matrix  lowered  the  composite  strength. 

5.  Powder  metals  and  fibers  can  be  consolidated  by  hot  pressing,  cold  pressing, 
followed  by  sintering  or  hydrostatic  pressing. 


14 


FUTURE  WORK 


1 .  Continue  evaluation  of  parameters  of  metal  fiber-reinforced  metal 
systems. 

2.  Continue  evaluation  of  powder  metallurgy  method  of  consolidating  fiber 
with  matrix. 

3.  Investigate  rolling  properties  of  composites  containing  fibers. 

4.  Investigate  high  temperature  strength  of  selected  composite  systems. 

REFERENCES 

1.  Whitehurst,  H.  B. ,  "investigation  of  Glass -Metal  Composite  Materials,'1 
33  p.  (Contract  NOrd-15764),  Annual  Progress  Report  No.  1 

15  March  1955  -  15  March  1956,  AD  141173. 

2.  Tinklepaugh,  J.  R. ,  Goss,  B.  R. ,  "Metal-Fiber-Reinforced  Ceramics,  " 
August  1960  -  November  1960,  77  p.  ,  18  refs.  Contract  AF  33(616)5298 
WADC  TR  58-452,  Pt.  3.,  AD-251  929. 

3.  Truesdale,  R.  S. ,  Swica,  J.J.,  and  Tinklepaugh,  J.  R. ,  "Metal  Fiber 
Reinforced  Ceramics",  Rept.  on  Ceramic  and  Cermet  Materials, 

December  1958,  36  p.  WADC  TR  no.  58-452,  Contract  AF  33(616)5298, 

AD  207  079. 

4.  Baskin,  Y. .  Arenberg,  C.A.,  and  Handwork,  J.  H. ,  "Thoria  Reinforced 
by  Metal  Fibers,  "  Amer.  Ceram.  Soc.  Bull.  38  (7)  345-48  (1959) 

5.  Parikh,  N.  M. ,  and  Fisher,  J.  I. ,  "An  Investigation  of  Metal- Ceramic 
Composites  for  High-Temperature  Applications,  "  Final  Report,  May  18,  1960, 
35  p.  Report  ARF  2175-12  Contract  DA-11-022  505  -  ORD  3038.  AD  238  137. 

6.  Jech,  R.  W, ,  and  Weber,  E,  P. ,  "Development  of  Titanium  Alloys  for 

Elevated  Temperature  Service  by  Powder  Metallurgical  Techniques,  "  Final 
Report  Contract  NOas  55-953-C  51  p.  August  10,  1957 


15 


7.  McDanels,  D.  L. ,  Jech,  K.  W. ,  Weeton,  J.W.,  "Metals  Reinforced 
with  Fibers,  "  Metal  Progress  vol.  78,  No.  6,  pp.  118-121 
December  1960, 

8.  Stowell,  E.  Z. ,  and  Liu,  T.S.,  " Parametric  Studies  of  Metal  Fiber 
Reinforced  Ceramic  Composite  Materials,  "  Contract  NOas  60-6077-C, 

26  January  1961. 

9.  Dow,  N.  F. ,  Sutton,  and  Others,  "Development  of  Composite  Structural 
Materials  for  High  Temperature  Applications",  Contract  NOw  60-0485-d, 
Third  Quarterly  Report,  November  1960  to  January  1961. 

10.  Outwater,  J.O. ,  "Plastic  Reinforcement  in  Tension"  Modern  Plastics, 
vol.  33,  p.  156,  March  1956. 

11.  Machlin,  E.  S. ,  "Status  Report  on  Non-Metallic  Fibrous  Reinforced  Metal 
Composites",  Contract  NOw  61 -0209c  September  1961. 

12.  Bell,  J.E.,  "Effect  of  Glass  Fiber  Geometry  on  Composite  Material 
Strength",  ARS  Journal,  p.  1260-1265,  September  1961. 

13.  Baskey,  R.  H. ,  "Fiber  Reinforcement  of  Metallic  and  Nonmetallic 
Composites,  "  140  pgs.  incl.  293  abstracts  (Project  7-924)  First 
Interim  Report  ASD  TR  7-924  I,  Contract  AF  33(657)-7139.i^ 

14.  Dietz,  A.  G.  H. ,  "Design  Theory  of  Reinforced  Plastics,  "  Fiberglas 
Reinforced  Plastics.  Chapter  9,  Reinhold  Publ.  Corp. ,  (1954) 

15.  DMIC  Memorandum  64,  "Recent  Developments  in  Superalloys". 

PB  161214  dated  September  8,  1960. 


16 


DISTRIBUTION 
Contract  AF  33(600)- 7139 


No.  of  Copies 


ASI)  (ASRCTB)  6 

Wright- Patterson  AFB,  Ohio 

ASD  (ASRCE,  Mr.  J.  Teres)  1 

Wright-Patterson  AFB,  Ohio 

Armed  Services  Technical  Information  Agency  10 

Arlington  Hall  Station 
Arlington  12,  Virginia 

ASD  (ASRC,  Mr.  E.  M.  Glass  1 

Wright-Patterson  AFB,  Ohio 

ASD  (ASRCMC,  Mr.  W.  G.  Ramke)  1 

Wright-Patterson  AFB,  Ohio 

Department  of  the  Army  1 


Research  &  Engineering  Command 
ATTN:  Mr.  E.  J.  Greene 
Chief,  Mechanical  Engineering 
Natick,  Massachusetts 

Battelle  Memorial  Institute  1 

Defense  Metals  Information  Center 
505  King  Avenue 
Columbus  1,  Ohio 

Aerojet-General  Corporation  1 

ATTN;  Mr.  L.  L.  Gilbert 

Department  191,  Bldg.  57 

P.  O.  Box  296 

Azusa,  California 

Aircraft  Industries  Association  1 

ATTN;  Mr.  H.  D.  Moran 
7660  Beverly  Boulevard 
Los  Angeles  36,  California 

Armour  Research  Foundation  1 

Illinois  Institute  of  Technology 

ATTN:  Dr.  William  Rostoker 

Asst.  Manager,  Metals  Research  Dept. 

10  West  35th  Street 
Chicago  16,  Illinois 


17 


DISTRIBUTION  -  continued 


No,  of  Copies 

AVCO  Manufacturing  Corporation  1 

Lycoming  Division 

ATTN:  Mr.  H.  Maehl,  Superintendent 
Manufacturing  Engineering 
Stratford,  Connecticut 

Bendix  Products  Division  1 

Bendix  Aviation  Corporation 

ATTN:  Mr.  William  H.  Dubois 

401  N.  Bendix  Drive 

South  Bend,  Indiana 

The  Boeing  Company  1 

ATTN:  Mr.  Edward  Dzarnecki 

Materials  Mechanics  &  Structures  Branch 

Systems  Management  Office 

P.  O.  Box  3707 

Seattle  24,  Washington 

The  Boeing  Company  1 

Aerospace  Division 

ATTN:  Mr,  Gene  Geyer,  Code  14-54 

P.  O.  Box  3707 

Seattle  24,  Washington 

Chance  Vought  Corporation  1 

Vought  Aeronautics  Division 

Section  22300 

ATTN:  Mr.  William  Akins 

P.  O.  Box  5907 

Dallas,  Texas 

General  Dynamics  Corporation/ Pomona  1 

ATTN:  Chief,  Manufacturing  Engineering 
P.  O.  Box  1011 
Pomona;  California 

General  Dynamics  Corporation/ Convair  1 

ATTN:  Mr.  E.  W.  Fedderson,  Director 

Manufacturing  Development 

Mail  Zone  1-712 

San  Diego  12,  California 

General  Dynamics  Corporation/Astronautics  1 

ATTN:  Mr.  A.  Hurlick,  Supervisor 

Materials  Research  Group 

Mail  Zone  595-20 

P.  O.  Box  1128 

San  Diego  12,  California 


18 


DISTRIBUTION  -  continued 


Douglas  Aircraft  Company,  Inc. 

ATTN:  Mr.  C.  B.  Perry,  G-345 
Plant  Engineering  Supervisor 
3855  Lakewood  Boulevard 
Long  Beach  8,  California 

The  Garret  Corporation 
ATTN:  Mr.  Dan  Derbes 
333  West  First  Street 
Dayton,  Ohio 

General  Electric  Company 

Space  Sciences  Laboratory 

Missile  &  Space  Vehicle  Department 

ATTN:  Louis  R.  McCreight 

3750  "D"  Street 

Philadelphia  24,  Pennsylvania 

General  Aeronautics  Company 
ATTN:  Mr.  M.  J.  Wawro 
6443  Torresdale  Avenue 
Philadelphia  35,  Pennsylvania 

Grumann  Aircraft  Engineering  Corporation 
ATTN:  Mr.  John  Conover 
Manufacturing  Research  Coordinator 
Plant  12 

Bethpage,  Long  Island,  New  York 

Horizons,  Incorporated 
ATTN:  Eugene  Wainer 
2905  East  79th  Street 
Cleveland  4,  Ohio 

Hughes  Tool  Company 
Aircraft  Division 
Culver  City,  California 

Lametx  Industries,  Inc. 

Motor  Avenue 

Farmingdale,  Long  Island,  New  York 

Lockheed  Aircraft  Corporation 
California  Division 
ATTN:  Mr.  J.  B.  Wassail 
Director  of  Engineering 
P.  O.  Box  511 
Burbank,  California 


DISTRIBUTION  -  continued 


The  Martin  Company 
Denver  Division 
ATTN:  Mr.  R.  F.  Breyer 
Materials  Engineering 
Mail  No.  L-8 
Denver  1,  Colorado 

Materials  Research  Corporation 
ATTN:  Mr.  Vernon  E.  Alder 
47  Buena  Vista  Avenue 
Yonkers,  New  York 

Materials  Technology,  Inc. 

ATTN:  Mr.  Robert  G.  Cheatham 
East  Natick  Industrial  Park 
15  Erie  Drive 
Natick,  Massachusetts 

National  Beryllia  Corporation 
ATTN:  Mr.  E.  Ryschkewich 
4501  Dell  Avenue 
North  Bergen,  New  Jersey 

North  American  Aviation,  Inc. 

Los  Angeles  Division 
ATTN:  Mr.  L.  P.  Spalding 
Section  Head,  Materials 
International  Airport 
Los  Angeles  45,  California 

NORAIR  Division 
Northrop  Corporation 
ATTN:  Mr.  Lyle  Christensen 
1001  East  Broadway 
Hawthorne,  California 

Department  of  the  Navy 
Bureau  of  Naval  Weapons 
ATTN:  Mr.  Tom  Keirns 
Washington  25,  D.  C. 

Pratt  &  Whitney  Company,  Inc. 

ATTN:  Mr.  A.  E.  Snyder 
West  Hartford  1,  Connecticut 

Pratt  &  Whitney  Aircraft  Corporation 
CANEL,  Connecticut  Operations 
ATTN:  Mr.  L.  M.  Raring,  Chief 
Metallurgical  and  Chemical  Laboratory 
P.  O.  Box  611 
Middletown,  Connecticut 


DISTRIBUTION  -  continued 


Republic  Aviation  Corporation 
ATTN:  Mr.  Adolph  Kastalowitz 
Director  of  Manufacturing  Research 
Farmingdale,  Long  Island,  New  York 

Rohr  Aircraft  Corporation 
ATTN:  Mr.  Burt  F.  Raynes 
Vice  President,  Manufacturing 
P,  O.  Box  878 
Chula  Vista,  (Alifornia 

Solar  Aircraft  Company 

ATTN:  Dr.  A.  O.  Metcalfe 

Assistant  Director,  Advanced  Research 

2200  Pacific  Highway 

San  Diego  12,  California 

Space  Age  Materials  Company  (SAMCO) 
ATTN:  Michael  Turkat 
Woodside  77,  New  York 

Technik,  Incorporated 
600  Old  Country  Road 
Garden  City,  New  York 

Storchheim  Research  &  Development  Corp. 
ATTN:  Mr.  Samuel  Storchheim 
34-23  57th  Street 
Woodside  7,  New  York 

Union  Carbide  Metals  Company 
Division  of  Union  Carbide  Corporation 
ATTN:  Mr.  D.  Edwin  Hamby 
270  Park  Avenue 
New  York  17,  New  York 

McDonnell  Aircraft  Corporation 
ATTN:  Mr.  Howard  J.  Siegel,  Dept.  272 
P.  O.  Box  516 
St.  Louis  66,  Missouri 

Westinghouse  Electric  Corporation 
ATTN:  Mr.  Frank  R.  Parks 
32  North  Main  Street 
Dayton  2,  Ohio 

Pratt  &  Whitney  Aircraft 
ATTN:  E.  H.  McCulloch 
East  Hartford  8,  Connecticut 


21 


